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ABSTRACT

Turbulent characteristics of the first
62 meters of the atmosphere in the vicinity of
the U, S. Ammy Electronics Research and Develop~
ment Activity's Meteorological Research Tower
are established for neutral conditions. The
assunption was made that the roughness length is
a constant, but dependent upon wind direction,
fotch, and the he'.¢ of the roughness elements,

Data are presented for five recording
periods during the late winter and early spring
of 1958 and 1961, Computations of the basic wind
profile and turbulence parameters are presented
in tabular form,
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INTRODUCTION

The motion of the atmospherc near the surface of the earth is rarely =3
simple as described by the theory of laminar flow, Nomally, flow in the
atmosphere consists of a fairly simpie mean motion vn which is superimposed
extremely complicated secondary or eddy motions of oscillatory, but not nec-
essarily periodic, character. The superimposed eddy motion results in the
often chaotic wind profile and turbulent spectrum observed in the boundary
layer,

Fluctuations about the mean flow in the atmosphere are the function of
a number of conditions, including the air-earth interface and the exchange
of energy between the atmosphere and the underlying surface., These boundary
conditions plus the prevailing lapse rate are the determining factors for
variations in the local wind profile. The basis for any study concerning
turbulent, or eddy motion in the atmosphere is the establishment of initial
boundary conditions., This report is concerned with establishing these basic
parameters for the immediate vicinity of the U. S. Amy Electronics Research
and Development Activity's (USA ERDA) Meteorological Research Tower.

THE METEOROLOGI CAL TOWER FACILITY

The meteorological tower facility was established for basic research
with respect to wind effects on unguided rockets, including wind profile
studies, the spectrun of turbulence, and the prediction ot the local wing
profile, The tower instrumentation, the surrounding torrvain, and the
climatology of White Sands Missile Range (WSMR), New Mexico, have been
described adequately elsewhere [1, 2.

WIND PROFILE HYPOTHESES

The two hypotheses most comonly used to describe the wind profile in
the boundary layer are the power law and the logarithmic law, The power
law, better known as thn "seventh root law'" or Schmidt's conjugate power’
law, normally takes the fom

T (z )P
2

where U is the mean wind speed at height z,

U; is the mean wind speed at height z;, and

p is the profile index.




Its use is limited to profiles over surfaces which are elther bare or
covered with very short vegetation, The profile index p is also dependent
upon the vertical temperature gradient,

The logarithmic profile is based upon a steady two-dimensional motion
in the proximity of a surface z = 0 with U as a function of z only. In fully
developed turbulent flow, the object is to find a velocity profile T (z)
which is consistent with a given shear stress and under the assumption that
the temperature gradient is near adiabatic, The equation has taken many forms,
the most common being attributed to Rossby [3]:

for a fully rough surface, where

T = mean wind speed,
u, = (_’_g)i‘ = friction velocity,
)

k = von Kaman's constant,
z + height,
2, = Toughness length,

Utilizing the power and logarithmic laws in the preceding forms, ex-
pressions for the boundary layer parameters can be derived.

The Roughness length: The roughness length, z,, a constant of integration,
s rolated to the height of the surface irmgu?arities by 25 T €/30. This
implies that the mean velocity tends toward zero at a height depending upon
the average length of the roughness elements. The roughness length z, can
be easily determined from the W, log z plot under adiabatic or neutral lapse

conditions,

The Surface Shearing Stress, Friction Velocit;, and Drag Coefficient: The
ynolds stresses indicate that fluctuations in velocity cause transport of
momentim acmss a surface in a fluid. Ir general, the Reynolds stresses out-
weigh the viscous stresses, which often may be neglected in problems of turbu-

lent motion. The horizontal shearing stress [3] is given by:

T s oUW
where p is mean density and u'w' are mean fluctuating or eddy velocities.
The shearing stress is assumed to be independent of height within the first
50-100 meters above the surface, according to Lettau [4], and related to the
friction velocity by

AHE (el
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and to the surface shearing stress and the coefficient of drag by
t= T+ 2P
o 3

T, = é‘ DCD.—u-g
where ug is the wind velocity "near" the surface. Since

Cp = 2% ,
o2

it follows that

Torreme—arion

Cp = 2 (u*)z = a2
br} (1“2"'20)

o
assuming the Rossby profile,

The Eddy Viscosity: Suttorn [5] states that a basic step in turbulence research
1s to adopt the fundamental ideas of the kinetic theory of gases by expressing
the transfer of momentum or any other suitable entity, by means of virtual
coefficients of viscosity, conductivity, and diffusivity, defined in much the
sgme way as their molecular counterparts., These exchange coefficients, ex-
pressions for the turbulent flux, may be derived independently of any theory
of the structure of eddy motion. The eddy viscosity, or the turbulent trans-
fer of momentum by eddies giving rise to an internal fluid friction, is defined
as

T a (\’ + Km) a4 ~ KM du ifw (<KM
-y Pt =

p dz
= uw
K -
du
“dz
where Ky is the eddy viscosity., From the above relationship and the losshy

profile, the edds vi stonity car be defin:d s
Ky = ki

which leads to a valid approximation for boundary conditions.
DATA ANALYSIS

Wind and temperature profiles originally observed for spectral amalysis
purposes at the tower site were used to determine boundary conditions and to




nvestigaty the appiication of the protile hypotheses to the basic data
The rdaw data were recorded on five Jiffeprent days, and the length of re-
cording varied fron one to six hours. Onc-hour samples were obtained on
12 February 1958, 13 February 1958, and 7 March 1958, and consisted of
wind velocity and temperaturcs for nine tower levels. Six-hour samples
were obtained on 15 and 16 March 196! for four tower levels. The 1958
data were reduced as five-second visual averages for the wind velocities,
with temperatures read every 44 seconds. The 196] data were .educed as
four-second and sixty-second averages for the winds and temperatures,
respectively.,

All data were punched on llollerith cards for machine analysis. Wind
and temperature profiles by the hour and by ten-minute intervals were then
computed using the Phileo 2000 computer. The fifteen hourly means and de-
viations are presented in Tables I to V. The 90 ten-minute muau profiles
were used to establish boundary conditions for the tower data (Tables VI
to X).

BONDARY CONDITIONS

To establish the bas ¢ turbulence parameters for the tower arca, the
wind and temperature profiles were inspected for adiabati¢ or neutral con-
ditions. Of the 90 profiles available, 11 were found that met the criteria,
The 11 wind profiles vere plotted (Figures 1.11) on semi-logarithmic paper,
and the line of regression detemined by a least squares fit. The W, log z
intercept was taken as the roughness length zy; The equivalent surface
roughness vs wind speed at 4 3 and 4.6 meters is shown in Figure 12,

The average height o’ thc roughness elements surrounding the tower
facility is approximately threc meters, piving a theoretical z, of ten
centimeters, which is in close agreement with the observed data and with
the results of other experinenters in the field

Assuming the roughness length to be valid for the tower area, values
of 25 picked from the curve (Figure 12) were used to compute the friction
velocities for each ten.m:nute profile. The remainder of the bouncary
parameters under discussion were also computed at this time and are pie-
sented in Tables XI through XV. All calculations were for a height range
of 4 3 to 4.6 meters above the surface and a fetch® of 40 to 70 meters

DISCISSION

A carcful exmmination of the boundary parametes: indicates a dependence
on the mean wind speed; huwever, in the casec of the ceefricient of drag, Cpy
it is apparent that the wind dircction has o decided effect.  The larger
values of Cp 12,029 to 0.032) tend to occor when the neuan wind direction is
from the quadrant in which the lurpgest roughness elements are with respect
to the tower (Figure 13)

*Fetch is defined as the upwind distance from nearest obstruction to the
instrumentation
4
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All values of roughness length, friction velocity, drag coefficient,
surface stress and eddy viscosity presented in Tables XI to XV appear to
be reasonable and are in good agreement with those of other investigators,
notably Deacon [6] and Sheppard (7] who found roughness lengths of 9 em
for thick grass up to 50 em high, while drag coefficients for thick grass,
assuming the Rossby [3] profile, were found to be on the order of 0.032,

The Wind Profile: Since neither the logarithmic profile nor the power law
s actually valid under diabatic conditions, few conclusions may be drawn
concerning the observed wind profiles. It can be generally stated that the
power law would provide the best fit for this particular sample of data,

which is in agreement with Swanson and lloidale [8],

Test for u Fully-Rough Surface: With the concept of fully-rough flow, the
Tnfluence of viscoslty 18 considered to be negligible, Nikuradse [9] has
proposed tests for smooth and rough surfaces, which can be stated as

Smooth Flow: Y«Zo < 0,13
v

Fully-rough Flow: Y20 > 2.5
v

assuming that the relation z_ ~ ¢/30 can be accepted.

o)

The quantity u,2, is known as the macro-viscosity and is denoted by N,
Nikuradse's criteria can thus be stated

Smooth Flow: N < 0.13 v 4 0.02 cm? sec™!
Rough Flow: N > 2,5 v = 0,4 em? sec~V,

Values of N are presented in Tables XI through XV.

It is seen that all data meet the rough flow criteria and the hypothesis
assumed is valid.

Turbulent Flow Indicators. Cramer [10] shows that the standard deviation of

wind ditection 15 4 good indicator of stability and, of course, turbulent
intensity. Cramer's estimates are presented in Tabic XVI.
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TABLE XVI

ESTIMATED RANGE IN STANDARD DEVIATION OF AZIMUTH WIND DIRECTION, YA,
NEAR GROUND LEVEL FOR VARIOUS STABILITY STRATIFICATIONS

Stariiity
Stratification Smooth Site Rough Site
Extremely stable 2. 4 2- 6
Moderately stable 4- 6 715
Near Neutral 6- 8 10.15
Moderately unstoble 10-15 15-20
Extremely unstable 20-25 25-30

It is clear from Tables I to X and Figure 14 that the data agree well
with Cramer's hypothesis, This is reflected by the gustiness ratio or
intensity of turbulence

1.
T

where I is the gustiness ratio and %u is the standard deviation about the
mean wind speed W. Figure 14 is a plot of the standard deviation of direc-
tion vs stability, The stability ratio reprusents the ratio of temperature
difference ‘n degrees Cel:ius between 4.3 or 4.6 meters and 25,6 or 31,7
meters to the square of the mean wind speed at 19,3 or 19.5 meters, depending
upon the data sample used,

Another indicator of turbulent motion in the boundary layer is an ap-
parent inverse relationship between the variance of wind direction and the
eddy viscositv. Tt appears that as the variance incveases. the eddy vis-
cosity decreases, indicating a breakdown of the viscous stresses with in-
creased mixing.

gﬁtﬁﬂ\lhile boundary conditions. are dependent upon wind speed and are neces-
sary for establishing the churacteristics of turbulence for an area, it is
obvious that the variance of wind direction is the detemmining factor in
turbulent intensities and the propagation of turbulent motion downstream,
Bl: ckadar, Panofsky, et al. [11] show from Taylor's Hypothesis that
Lagrangian and Eulerian standard deviations of azimuth are approximately
equal during daytime, and that measurements at a fixed cite are valid
some distance downstream. Thus, Taylor's liypothesis can be used to evaluate
the behavior of the wind after it has passed a fixed point.
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CONCLUSIONS

Turbulent characteristics of the atmospheric boundary layer in the
vicinity of the U. S. Amy Electronics Research and Nevelopment Activity
Meteorological Research Tower are comparable to those observed at other
locations. It can be concluded that the roughness length increases with
increasing wind speed and varies with wind direction. This is attributed
to changes in the fetch and the height of the roughness elements from dif.
ferent exposures due to wind direction shifts, The coefficient of drag of
the surface varies with wind direction, exhibiting the same characteristics
as the roughness length with relation to the fetch and roughness e¢lements.

The standard deviation of wind direction was found to vary with the
lapse rate while the eddy viscnsity appears to be inversely proportional
to all standard deviation of direction. All boundary -~onditions were
found to be dependent upon wind speed and to some degree dependent on
wind direction, The standard deviation of wind direction was determined
to be a good indicator of turbulence.
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To

LIST OF SYMBOLS

Wind Direction, Degrees
Mean Wind Direction, Degrees
Coefficient of Drag
Gustiness Ratio

Eddy Viscosity

Macro Viscosity

Ambient Pressure
Temperature, Degrees Celsius
Kaman's Constant

Wind Profile Index
Horizontal Wind Speed
Instantaneous Horizontal Velocity
Mean Wind Speed

Friction Velocity

Vertical Velocity
Instantaneous Vertical Velocity
Height

Roughness length

Roughness Element

Density

Shearing Stress

Surface Shearing Stress

Kinematic Viscosity
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